Abstract : Optically active phosphine ligands possessing stereogenic centers on phosphorus atoms have been synthesized using phosphine-boranes as intermediates. Electron-rich P-chiral phosphine ligands (BisP*, MiniPHOS, and DiSquareP*) having a bulky alkyl group and a small alkyl group on the phosphorus atom exhibit excellent to almost perfect enantioselectivities in the Rh-catalyzed asymmetric hydrogenation of enamides and related substrates. Air-stable P-chiral phosphine ligands (t-Bu-and 1-Ad-QuinoxP*) are also prepared with the phosphine-borane methodology. These ligands have exceedingly high enantioselectivities of up to 99.9% not only in Rh-catalyzed asymmetric hydrogenation but also in Rh-or Pd-catalyzed carbon-carbon bond-forming reactions.
Catalytic asymmetric synthesis is one of the most efficient methods for the production of optically active compounds. Among various asymmetric catalyses, transition-metal-catalyzed reactions have attracted a great deal of attention over the years; many catalyst systems of this class have been developed and some have been successfully applied to the industrial production of useful optically active compounds.1 Both enantioselectivity and catalytic efficiency are highly dependent on chiral ligands and central metals. Therefore, the design and synthesis of new chiral ligands is a very important research subject in this field. 2 Among various types of chiral ligands, phosphine ligands are the most frequently employed, owing to their inherent ability to coordinate strongly to transition metals and to promote catalytic reactions. Hence, numerous optically active phosphine ligands have been synthesized and used in tiansition metal catalyses. 3 Chiral phosphine ligands reported so far are classified roughly into two types. One type is phosphines having asymmetric carbon atoms or backbone chirality. Representative examples of this type are shown in Figure 1 . The stereochemical feature of this type is that the two substituents on the phosphorus atoms are diastereotopic and are capable of forming an asymmetric environment around the reaction center.
The other type is the so-called P-chiral phosphine ligands, that possess stereogenic centers on the phosphorus atoms themselves. Figure 2 shows methylphenylpropylphosphine (1),4a,b CAMP (2),4c and DIPAMP (3),4d-g which are representative P-chiral phosphine ligands. These ligands played very important roles early on in the history of homogeneous asymmetric hydrogenation.4 Nevertheless, only a small number of P-chiral ligands were reported in the two decades following 1976, mainly because of the lack of efficient methods for the preparation of optically pure P-chiral phosphines, and the anticipation that some phosphines of this class are stereochemically unstable and gradually racemize via pyramidal inversion even at room temperature.5 CAMP (2) DIPAMP (3) In a previous study of the synthesis and reactions of phosphine-boranes, we found that optically active P-chiral phosphine ligands could be synthesized using phosphine-boranes as intermediates.6 This phosphine-borane methodology was proven to be versatile for the preparation of a variety of chiral phosphine ligands in enantiomerically pure form. Here we review our continuing study on the design and preparation of new P-chiral phosphine ligands and their enantioselectivities in transition-metal-catalyzed asymmetric reactions.
Optically Pure 1,2-Bis [(o-alkylphenyl)phenylphosphino] -ethanes
Despite synthetic difficulties, some P-chiral diphosphine ligands are potentially useful for catalytic asymmetric synthesis. For example, DIPAMP,4a-g 1,3-bis[(o-methoxyphenyl)phenylphosphi- tions. The distance between the rhodium and the benzylic carbon is 37.3 pm. This value is almost equal to the reported distance (37 pm) between rhodium and methoxy oxygen in the Rh-DIPAMP complex. Rhodium complexes lla-d were used in the catalytic asymmetric hydrogenation of a-(acylamino)acrylic derivatives. In order to compare the hydrogenation results with those of Knowles et al., the reactions were carried out under the same conditions reported in the literature.4a,b The results are summarized in Table 1 .
It should be noted that the use of complex llb having the o-ethyl group as catalyst gave products having remarkably high ee's, and the overall performance of this complex is comparable to that of Rh-DIPAMP. These results indicate that the o-ethyl group of llb is not less effective as an enantioface-differentiation factor than the o-methoxy group of DIPAMP. It is also worth noting that considerably high enantioselectivities of up to 92% ee were observed even when less sterically congested ligand 1 la bearing an omethylphenyl group was employed. Ligands with larger alkyl substituents (11c,d) provided excellent to almost perfect enantioselectivity (>99%). Another significant fact is that the catalysts prepared from lla-d, whose chirality at the phosphorus atoms is (S,S), provided hydrogenation products with the R configuration. This indicates the same sense of enantioselection as the case of DIPAMP: the use of (R,R)-DIPAMP afforded S configuration products. This means that the coordination ability of the methoxy group of DIPAMP is not the main factor responsible for its high efficiency, and the enantioselection in the asymmetric hydrogenation catalyzed by the rhodium complexes of DIPAMP and 7a-d is induced by the spatial properties of the ligands. Based on the results mentioned above, we synthesized P-chiral trialkylphosphine ligands. The newly designed ligands are 1,2-bis(alkylmethylphosphino)ethanes (abbreviated as BisP*; Figure 6 ). An important feature of these ligands is that a bulky alkyl group and a small alkyl group (methyl group) are bonded to each of the phosphorus atoms. The ligands would form five-membered C2 symmetric chelates, and this imposed asymmetric environment might lead to high The preparation of BisP* was accomplished using phosphine-boranes as intermediates.11,12 The overall reaction sequence is shown in Scheme 2. Trichlorophosphine was converted into alkyldimethylphosphine-boranes (12) in one pot, and these, in turn, were subjected to enantioselective deprotonation with s-BuLi/(-)-sparteine in ether. 13 The resulting enantiomerically enriched organolithium compounds (13) were oxidatively dimerized on treatment with CuCl2 to give compounds 14 in good yields. Subsequent removal of the boranato groups by the reaction with amine was unsuccessful, but it was accomplished by using the method developed by McKinstry and Livinghouse. 14 Obtained ligands 15 (BisP*) were found to be readily oxidized in air and were hence converted into rhodium complexes 16a-g. 15 The crystal structures of 16a-c were determined by single-crystal X-ray analysis.11,12 As the structural features of these compounds are similar, the ORTEP drawing of 16a is shown as a representative example in Figure 7 . It clearly shows the C2 symmetry and the (S,S)-configuration of the coordinated diphosphine. Bulky tert-butyl groups occupy quasi-equatorial positions and methyl groups occupy quasi-axial positions, thus effectively stabilizing the A-conformation of the chelate cycle.
The catalytic efficiencies of the ligands were tested in the Rh-catalyzed asymmetric hydrogenation of dehydroamino acid derivatives.11,12 The results obtained in the typical probe hydrogenation of methyl (Z)-a-acetamidocinnamate (MAC) are shown in Table 2 . The reactions that used 16a-c as catalyst precursors proceeded rapidly, affording exceedingly high to almost perfect enantioselectivity. Complex 16d exhibited rather low reactivity and enantioselectivity, probably owing to the steric hindrance created by the large 1,1-diethylpropyl group. The use of 16e-g having secondary alkyl groups gave moderate or poor enantioselectivity. It is notable that 16g bearing an isopropyl group resulted in only 17% enantioselectivity, in sharp contrast to the result obtained by the use of 16a having a tert-butyl group.
These catalyst precursors were employed in the hydrogenation of various dehydroamino acid derivatives. In all cases, a similar tendency in enantioselectivity was observed, indicating the prominent enantioinduction ability of t-Bu-BisP*. It should be noted that this ligand can be readily prepared from inexpensive starting materials via a short reaction pathway. 16, 17 Ligand t-Bu-BisP* was successfully employed in other asymmetric hydrogenations, and the results are summarized in Scheme 3. Aryl-or alkyl-substituted enamides were subjected to asymmetric hydrogenation with Rh-(S,S)-t-BuBisP* to afford optically active amides with very high ee's. Interestingly, aryl-substituted enamides were reduced to (R)-configuration products with 96-99% ee. In sharp contrast, alkyl-substituted enamides yielded (S)-configuration products with 99% ee.18-20 NMR study using 13C-enriched substrate [CH2=13C(t-Bu)(NHAc)], D2, and HD indicates that the opposite stereochemical outcome is ascribed to the differences in steric and electronic effects between aryl-and bulky alkyl groups.18,19 B-Amino acid derivatives were also produced in excellent enantioselectivity by the use of t-BuBisP*.21 Hydrogenation of a,B-unsaturated phosphonates afforded precursors to optically active a-hydroxy or a-aminophosphinates, the ee's of the products being largely dependent on the substituents at the B-position.22 This ligand was effective also for the hydrogenation of imines and of hydrogen pressure, when the iridium complex of t-Bu-BisP* with tetrakis[3,5-bis(trifluoromethyl)pheny1]- 
Bis(alkylmethylphosphino)methanes (MiniPHOS)
Encouraged by the successful results with BisP*, we attempted to synthesize further simple diphosphine ligands. The newly designed ligands are bis(alkylmethylphosphino) methanes. These methylene-bridged diphosphine ligands structurally resemble BisP* but are simpler and smaller, and hence we nicknamed them "MiniPHOS." The ligands form highly strained four-membered C2 symmetric chelates with metal, and this conformational rigidity together with the ideal asymmetric environment leads to high enantioselectivity (Figure 8 ).25
These ligands were prepared from the same intermediates used for the synthesis of BisP* (Scheme 4).25 Thus, com- Figure 9 clearly shows the four-membered bischelate structure and the expected C2 symmetric environment, where the bulky tert-butyl groups effectively shield two diagonal quadrants and the two methyl groups are found at the other quadrants.
The rhodium complexes prepared were used as catalyst precursors in the asymmetric hydrogenation of various dehydroamino acids and their methyl esters, and the results are summarized in Table 3 .12,25,26 Almost perfect enantioselectivity was observed for the hydrogenation of 2-acetamidoacrylic acid and its methyl ester (entries 1-3 and 5-7). It is noted that ligands having tert-butyl, cyclohexyl, and isopropyl groups exhibited very high enantioselectivities, while a ligand with phenyl groups gave only 24% selectivity (entry 4). Excellent enantioselectivity was observed for several a-acetamidocinnamic acid derivatives (entries 8-11). Moreover, these catalysts were also found to be effective for to reduce in excellent enantioselectivity. t-Bu-MiniPHOS as well as t-Bu-BisP* was found to show high enantioinduction ability in the hydrogenation of a-enamides, B-(acylamino)acrylates, and a,B-unsaturated phosphonates. 19, 21, 22 The utility of MiniPHOS was tested also in other asymmetric reactions. Asymmetric hydrogenation of itaconic acid gave almost complete enantioselectivity (Scheme 5).12,25 Rhodium-catalyzed asymmetric hydrosilylation of simple ketones afforded secondary alcohols with up to 97% ee (Scheme 6).25,27 The Michael reactions of diethylzinc with a,B-unsaturated carbonyl compounds were also promoted in good to excellent enantioselectivities (Scheme 7). 25, 28 On the other hand, recently, Hoge and coworkers reported a new type of P-chiral diphosphine ligand called "Trichickenfootphos ."29 Although the ligand has a structural motif similar to t-Bu-MiniPHOS, it is not C2 symmetric but Cl symmetric, consisting of tert-butylmethylphosphino group and di-tert-butylphosphino group. The three tert-butyl groups would shield three quadrants to confer unique reactivity and stereoselectivity (Figure 10 ). In fact, this ligand exhibits exceedingly high enantioselectivities as well as high catalytic activity in the Rh-catalyzed asymmetric hydrogenation of dehydroamino acids and enamides. It should be noted that this ligand is potentially useful for the asymmetric synthesis of Pregabalin in an industrial scale (Scheme 8). 30 
Synthesis of Counter Enantiomer Ligands
It has been reported that (S,S)-BisP* and (R, R)-MiniPHOS are readily prepared from alkyl(dimethyl)phosphine-boranes. The key step of this method is the enantioselective deprotonation of one of the enantiotopic methyl groups by (-)-sparteine/s-BuLi.
Synthesis of counter enantiomer ligands is quite important, but the application of the same methodology to the synthesis is practically impossible mainly owing to the unavailability of (+)-sparteine. 31 In order to overcome this difficulty, we tried to develop new methods for the preparation of (R,R)-BisP*.
Our first approach is shown in Scheme 9.32 Enantiomerically enriched (R)-tert-butyl(hydroxymethyl)methylphosphine-borane (20)33 was subjected to double deprotonation of both the alcohol moiety and the methyl group using two equivalents of s-BuLi, followed by copper-promoted oxidative coupling, to afford diphosphine alcohol 21. Note that this coupling was selective to the carbon-carbon bond formation without impairment of the alkoxide. Compound 21 was then subjected to Ru-catalyzed oxidative one-carbon degradation in the presence of potassium persulfate and potassium hydroxide, yielding optically pure secondary phosphine-borane 22 as a white crystalline solid. Subsequent methylation and deboranation afforded the desired (R,R)-t-Bu-BisP*.
One notable feature of this method is the use of (-)-sparteine as a chiral inductor and the same starting material 12 as in the case of the preparation of (S,S)-t-Bu-BisP *.
The second approach is the conversion of (S,S)-t-Bu-BisP* into its (R,R)-enantiomer via stereospecific oxidation and reduction processes. Phosphine oxide 24 was readily obtained, but its deoxygenation with inversion of configuration was quite difficult: multiple attempts using convenScheme 5
Scheme 6
Scheme 7
Figure 10. Trichickenfootphos as a Ci symmetric P-chiral diphosphine that shields three quadrants. Scheme 8 Scheme 9. Synthesis of (R,R)-t-Bu-BisP*.
Vol.65 No.11 2007 ( 23 )tional reduction procedures were unsuccessful. Finally, we developed a new method for the reduction of phosphine oxides using methyl triflate and LiA1H4 and applied it to the reduction of 24.34 The reduction proceeded cleanly to give the expected product with more than 99% ee, but the isolated yield was only 24% (Scheme 10). were used for the preparation of (R,R)-BisP* (Scheme 12).
The reactions proceeded at 20-40 cc in THF to give enantiopure (R,R)-t-Bu-BisP* and (R,R)-Cy-BisP* in good yields together with monophosphine-borane species. However, the application of this procedure to the preparation of MiniPHOS was unsuccessful.
Other P-Chiral Phosphine Ligands
In addition to BisP* and MiniPHOS, we synthesized P-chiral phosphine ligands 30-44 based on the structural motif that a bulky group and a small alkyl group are attached to the same stereogenic phosphorus atom. They are illustrated in Figure 11 . Synthesis of these ligands was accomplished by the use of optically active phosphineboranes as chiral building blocks, except 33 and 35 that were prepared via direct resolution of racemic phosphine oxides.
The application of these ligands in transition-metal-catalyzed reaction provided vital information on structure-catalytic activity relationships. For example, unsymmetrical BisP* (30a-e) are no longer C2 symmetric, and some of them reveal excellent enantioselectivities of up to 99.2% in Rh-catalyzed asymmetric hydrogenation. Very high catalytic activity and enantioselectivities in the same reactions were observed when ligands 32 and 35 were employed. On the other hand, the use of 36 and 37 in the Rh-catalyzed hydrogenation of MAC provided products with 14% ee and 0% ee, respectively, in sharp contrast to the results obtained by the use of t-Bu-BisP* and t-Bu-MiniPHOS. These results clearly indicate the importance of conformational rigidity in Rh-catalyzed hydrogenation.
Ligands 41a-e (AlkynylP*) structurally resemble t-Bu-BisP*, but have an alkynyl group at the P-stereogenic centers. While the alkynyl groups are larger than the methyl group, the carbon-carbon triple bonds are slim and seem to behave like a small alkyl group, e.g., a methyl group. In fact , the ligands, especially 41d and 41e, exhibit excellent to almost perfect enantioselectivities not only in the Rh-catalyzed asymmetric hydrogenation but also in a few representative carbon-carbon bond-forming reactions catalyzed by rhodium or ruthenium. 50 P/S, P/N, and P/0 hybrid ligands having P-chiral center were also prepared by the phosphine-borane methodology.51-53 These ligands possess two different donor atoms that might affect respective unique reactivity and selectivity via the trans effect. Ligands 42 and 43 were not effective in Rh-catalyzed hydrogenation, but their high enantioinduction ability has been proved in Pd-catalyzed asymmetric allylation. It is worth mentioning that P/N ligands, especially ligand 43d, showed remarkable hemilabile behavior . Thus, in the substitution reaction of 1,3-diphenyl-1-acetoxy-2-propene with dimethyl malonate, use of a catalyst with 1:1 Scheme 10. Conversion of (S,S)-t-Bu-BisP* into (R,R)-t-Bu-BisP *. Scheme 11. Preparation of both enantiomers of secondary phosphine-boranes.
Scheme 12
Pd/ligand ratio afforded S substitution product with 95% ee, whereas use of a catalyst with 1:2 ratio provided R substitution product with 88% ee.52 Ligand 44a, a P-chiral o-phosphinophenyl, was used as a P/O hybrid ligand in the Cu-catalyzed asymmetric conjugate addition of diethylzinc to acyclic enones, and high enantioselectivity of up to 96% was achieved.53
5. Air-Stable P-Chiral Phosphine Ligands Some of the P-chiral phosphine ligands mentioned above have been proven to exhibit very high enantioselectivity and reactivity in representative transition metal-catalyzed reactions. However, the ligands are sensitive to air owing to the high electron density at the phosphorus atoms, and this drawback has hampered their widespread application in asymmetric catalyses. To this end, we shifted our attention to the synthesis of a new type of ligand that is stable in air and induces high catalytic efficiency, similar to BisP*. The newly designed ligand contains a quinoxaline backbone whose electron-withdrawing property decreases the electron density at the phosphorus atoms, eventually rendering it less sensitive to air. The ligand, abbreviated as t-Bu-QuinoxP*, was prepared from enantiomerically enriched tert-butyl (hydroxymethyl)methylphosphine-borane (20) in short steps (Scheme 13).54 The ligand was isolated as an orange crystalline solid that was not readily oxidized in air.
The ligand was employed in a few representative asymmetric reactions to examine its catalytic efficiency. As indicated in Scheme 14, the ligand exhibited excellent enantioselectivities in both Rh-or Ru-catalyzed asymmetric hydrogenations and Rh-or Pd-catalyzed carbon-carbon bond-forming reactions. [54] [55] [56] Recently, a similar ligand, Ad-QuinoxP*, was prepared and its exceedingly high enantioinduction ability was proved in the same type of asymmetric reactions.57 Single crystal X-ray analysis of the palladium complexes of t-Bu-QuinoxP*55 and Ad-QuinoxP*57 showed clearly their rigid chelate structure as well as the ideal asymmetric environment around the metal center (Figure 12 ). 
Conclusion and Perspectives
We have demonstrated that a variety of P-chiral phosphine ligands could be prepared in enantiopure form by the use of phosphine-boranes as intermediates. The boranato group in these reaction sequences plays two roles. One is the protection of air-sensitive phosphines, especially trialkyl phosphines, and the other is the activation of adjacent groups to be deprotonated by a strong base. Some P-chiral phosphines having a bulky alkyl group and a small alkyl group, such as a methyl group, bonded on the same phosphorus atom exhibit exceedingly high enantioselectivities and reactivity in representative transition-metal-catalyzed asymmetric reactions. Air-stable P-chiral phosphine ligands having a quinoxaline backbone were readily prepared from enantiopure secondary phosphine-boranes, and their utility in both asymmetric hydrogenations and carbon-carbon bond-forming reactions has been demonstrated in some representative catalyses. We expect that these ligands will be successfully employed in a wide variety of asymmetric reactions.
On the other hand, structurally simple P-chiral phosphine ligands (t-Bu-BisP* and t-Bu-MiniPHOS) have been used in a mechanistic study of Rh-catalyzed asymmetric hydrogenation.58 That study revealed a new aspect of the enantioface-differentiation mechanism as well as the overall catalytic cycle. These P-chiral phosphine ligands will be of use in the elucidation of the detailed mechanisms of other asymmetric catalyses.
